Introduction
============

Recently, numerous studies have been performed on the transdermal drug delivery of protein drugs. Compared with other administration routes, transdermal drug delivery has many advantages such as improved bioavailability and increased patient compliance.[@b1-ijn-11-5549] However, transdermal delivery of protein drugs is severely hampered by the stratum corneum (SC), a main barrier for transdermal delivery.[@b2-ijn-11-5549] Only a minority of lipophilic molecules could effectively penetrate SC.[@b3-ijn-11-5549] A variety of approaches have been developed to promote the transdermal delivery of drugs. These approaches include chemical enhancers,[@b4-ijn-11-5549],[@b5-ijn-11-5549] iontophoresis,[@b6-ijn-11-5549],[@b7-ijn-11-5549] electroporation,[@b8-ijn-11-5549] microneedles,[@b9-ijn-11-5549],[@b10-ijn-11-5549] sonophoresis[@b11-ijn-11-5549],[@b12-ijn-11-5549] and laser ablation.[@b13-ijn-11-5549] Although significant progress has been made in the transdermal delivery of drugs, there still exist many disadvantages such as skin irritation,[@b14-ijn-11-5549] high production costs[@b15-ijn-11-5549] and inconvenience.[@b13-ijn-11-5549] Thus, it is urgent to develop a low-toxic, low-cost, convenient and efficient transdermal delivery system.

Electret is a dielectric material that can maintain a quasi-permanent electric charge or dipole polarization for a long time.[@b16-ijn-11-5549] It can carry different surface potentials in volts and produce long-term microcurrent and electrostatic field at the skin to regulate the electret state of the skin.[@b17-ijn-11-5549] Thus, the microcurrent and electrostatic field of the electret could function as a physical factor to enhance the transdermal drug delivery by regulating the arrangement and fluidity of lipid bilayers and the structure of proteins in SC, widening the gaps on the surface of the skin.[@b18-ijn-11-5549] We recently reported that electret could effectively enhance the transdermal delivery of several drugs of low molecular weight, such as methyl salicylate,[@b19-ijn-11-5549] meloxica,[@b20-ijn-11-5549] lidocaine[@b21-ijn-11-5549] and cyclosporine A (a small peptide, 1024 Da).[@b22-ijn-11-5549] However, our results showed that electret could not significantly promote the transdermal delivery of protein drugs with higher molecular weights (Tu et al, unpublished data, 2011), which is consistent with the result obtained by Murthy et al[@b23-ijn-11-5549] that electret could not enhance the transdermal delivery of protein drugs with high molecular weights \>1 kDa.

Chitosan is a mucoadhesive and positively charged polysaccharide and could improve the transdermal delivery of several drugs.[@b24-ijn-11-5549],[@b25-ijn-11-5549] Recently, several studies have showed improved transdermal delivery of drugs by nanoparticles (NPs) composed of chitosan and other polymers such as poly(lactide-co-glycolide) and pluronic.[@b1-ijn-11-5549],[@b2-ijn-11-5549] *N*-trimethyl chitosan (TMC) is the most frequently studied chitosan, due to its well-defined structures, improved solubility and easy preparation.[@b26-ijn-11-5549] Many studies have shown that TMC NPs could significantly enhance the drug absorption across mucosa epithelia.[@b27-ijn-11-5549]--[@b30-ijn-11-5549] TMC NPs have been shown to increase the immunogenicity of subunit antigens after nasal administration.[@b31-ijn-11-5549] Similarly, TMC NPs could also significantly enhance the transdermal delivery of drugs.[@b32-ijn-11-5549] The proposed mechanisms by which chitosan and its derivatives promote the transdermal delivery of drugs are that they can loosen the compact structure of keratin in SC, widen the tight junctions in the skin or interact with negatively charged SC cells.[@b1-ijn-11-5549],[@b26-ijn-11-5549] It is noteworthy that TMC NPs are an effective positively charged transdermal delivery system; therefore, we hypothesize that TMC NPs may exert enhanced transdermal delivery of protein drugs in the presence of electret.

In this study, to enhance the transdermal delivery of protein drugs, we have developed TMC NPs loaded with proteins, using an ionic gelation method. The NPs were further investigated for in vitro skin permeation assays and anti-inflammatory effects in the absence or presence of electret, which was prepared by a corona charging system with polypropylene (PP) film ([Figure 1](#f1-ijn-11-5549){ref-type="fig"}).

Materials and methods
=====================

Materials
---------

Chitosan of low molecular weight with a deacetylation degree of 75%--85%, ammonium persulfate (APS), fluorescein isothiocyanate (FITC), \[2-(methacryloyloxy)ethyl\]trimethylammonium chloride (TMAEMC) and bovine serum albumin (BSA) were purchased from Sigma (St Louis, MO, USA). Sodium tripolyphosphate (TPP) was obtained from Fluka, USA. Superoxide dismutase (SOD, 30 kDa) was purchased from Amresco (Solon, OH, USA). The enzyme-linked immunosorbent assay (ELISA) kit for quantitative analysis of SOD was provided by Shanghai Jingma Biotechnology Co. Ltd, Shanghai, China. Indomethacin was purchased from Shanghai Yifeng Pharmacy (Shanghai, China). Xylene was purchased from Sinopharm Chemical Reagent Co. Ltd, Shanghai, China. PP films were bought from Toray Industry (Tokyo, Japan). All the other reagents were of analytical grade.

All Sprague Dawley (SD) rats (male, 200--250 g, \~8 weeks) and BALB/c mice (male, 20--25 g, 4--6 weeks) were purchased from the Shanghai Experimental Animal Center of Chinese Academy of Sciences (Shanghai, China). All rats and mice were placed in a pathogen-free environment and allowed to acclimate for a week before being used in studies. Our study was approved by the Committee on Animal Use of Second Military Medical University (Shanghai, China), and all the procedures were performed in accordance with the Guidelines of the Committee on Animal Use of Second Military Medical University.

Methods
-------

### Preparation of FITC-labeled BSA (FITC-BSA)

FITC-BSA was prepared by the procedure described by Hentz et al[@b33-ijn-11-5549] with some modifications. Briefly, FITC was dissolved in dimethyl sulfoxide (DMSO) solution at a concentration of 8 mg/500 μL. Then, FITC solution was added dropwise to a BSA solution dissolved in 100 mM carbonate buffer (10 mg/mL, pH 9.0). The mixture was allowed to react at room temperature overnight with gentle stirring under dark conditions. The final solution was dialyzed against deionized water using the dialysis membrane (MWCO: 12 kDa; Beijing Biodee Biotechnology Co. Ltd, Beijing, China) to remove free FITC. Finally, the FITC-BSA was lyophilized for 16--18 hours (h) using VirTis^®^ AdVantage™ Benchtop Freezer to obtain a fine powder of FITC-BSA.

### Preparation of electret

PP films with a thickness of 25 μm and an area of 5×6 cm were charged at a constant voltage and 65% humidity for 10 minutes (min) using a corona charging system (Dalian University of Technology, Dalian, China). The point voltages used were ±10 kV, and the grid voltages were ±500, ±1,000 and ±2,000 V accordingly. The effective surface potentials of the charged film (electret) were measured with a surface potentiometer (ESR102A; Beijing Huajinghui Technology Co. Ltd, Beijing, China).

### Synthesis and characterization of TMC

TMC was synthesized as reported with some modifications.[@b34-ijn-11-5549] Briefly, chitosan (1% w/v) was dissolved in 250 mL of 1% acetic acid solution. APS (0.045% w/v) and TMAEMC were added, and the mixture was stirred at 60°C under a nitrogen stream. The molar ratio of --NH~2~ of chitosan and TMAEMC was 2:1. The reaction was terminated after 4 h, and the copolymer solution was dialyzed against deionized water for 48 h and then lyophilized.

The TMC was characterized by ^1^H NMR. The samples were measured in D~2~O, using a DMX-500 spectrometer (500 MHz; Bruker, Germany). The degree of quaternization (DQ) was calculated using the following [equation 1](#fd1-ijn-11-5549){ref-type="disp-formula"}:[@b35-ijn-11-5549] $$\text{DQ} = {\lbrack{{({{\int{TM}}/{\int H}})} \times {({1/9})}}\rbrack} \times 100\%$$where ∫*TM* is the integral of the trimethyl amino group (quaternary amino) peak at 3.3 ppm and ∫*H* is the integral of the H peaks from 5.0 to 6.0 ppm.

### Preparation of TMC NPs

TMC NPs were prepared by an ionic gelation process as reported by Zhu et al.[@b36-ijn-11-5549] Briefly, TMC NPs were prepared by a simple mixing procedure where an equal volume of TPP aqueous solution (1 mg/mL) was added to a TMC solution (10 mg/mL) with subsequent stirring at room temperature.

For FITC-BSA-loaded TMC NPs (FITC-BSA TMC NPs), a BSA solution (0.1 mL, 4 mg/100 μL) was mixed with a TMC solution (0.5 mL, 10 mg/mL) under stirring. Then, a TPP aqueous solution (0.5 mL, 1 mg/mL) was added dropwise to the resultant mixture under stirring for 30 min. SOD-loaded TMC NPs (SOD TMC NPs) were prepared in the same way as FITC-BSA TMC NPs except that the SOD concentration was 2 mg/100 μL.

To examine the penetration of TMC NPs, TMC was labeled with FITC as described later. Briefly, FITC (1 mg/mL in DMSO) was added to a TMC solution (10 mg/mL in acetate buffer, pH =4.6), and the solution was stirred for 12 h at room temperature. After dialysis against deionized water for 48 h, the resultant product was lyophilized. All procedures were carried out in the dark.

### Characterization of TMC

#### NPs Particle size and zeta potential

After the NPs were dispersed in deionized water, their size and zeta potential were analyzed using Zeta sizer Nano S (Malvern Instruments, Malvern, UK).

#### Transmission electron microscopy (TEM)

The morphological examination of the NPs was performed by TEM. Briefly, samples were prepared by dropping one drop of the NPs dispersion onto a copper grid coated with a carbon membrane. Then, the samples were stained by 2% phosphotungstic acid and dried. The NPs were visualized under the TEM (TecnaiG2 spirit Biotwin; FEI, USA).

#### Determination of the encapsulation efficacy (EE)

The EE of the NPs was determined using BSA- or SOD-loaded TMC NPs. Briefly, the unencapsulated BSA or SOD was removed by centrifugation of the NPs at 12,000 rpm at 4°C for 30 min. The supernatant containing BSA or SOD was determined by reversed-phase high-performance liquid chromatography (HPLC) or micro BCA Kit (Pierce).[@b37-ijn-11-5549] The EE was calculated using the following [equation 2](#fd2-ijn-11-5549){ref-type="disp-formula"}: $$\text{EE} = {\left( {A - B} \right)/{A \times 100\%}}.$$

*A* is the total amount of proteins, and *B* is the amount of free proteins in the supernatant.

The quantitative analysis of BSA or SOD was performed as described later. For the analysis of BSA, an HPLC system (Shimadzu Corp, Japan) equipped with a C18 column (Welch Materials, 5 μm, 4.6 mm ID ×25 cm) was used. The mobile phase was 0.1% v/v trifluoroacetic acid (TFA) in water (solvent A) and 0.1% v/v TFA in acetonitrile (solvent B) and was run at a gradient of 25:75 to 60:40 (solvent A:B) from 0 to 15 min, then 25:75 (solvent A:B) from 15.01 to 23 min, respectively, with a flow rate of 1.0 mL/min. The detection wavelength was set at 280 nm. The SOD was determined by a micro BCA kit (Pierce) according to the manufacturer's protocol.

### In vitro skin permeation assays

The rats were anesthetized by intraperitoneal (i.p.) injection of pentobarbital sodium (30 mg/kg), and the hair from the abdominal region was carefully shaved using an animal hair clipper 24 h before the assays. After the rats were sacrificed, the shaved region was incised to obtain the skin. The subcutaneous fat and other visceral tissue under the skin should be removed. The skins were washed and examined for the integrity.

The incised skins were cut to appropriate size and immediately mounted in the vertical Franz-type diffusion cell (Huanghai Medicine & Drug Testing Instruments Co., Ltd, Shanghai, China). As a receptor phase, a phosphate buffered saline (PBS) buffer (pH 7.4) was filled in the receptor compartment and maintained at 37°C, under a centrifugation rate of 600 rpm. A variety of drugs were directly added to the donor side. When combined with the use of PP electrets, different corona charged PP electrets were placed \~1 mm above the surface of the drug solution. At specified time points up to 24 h, 0.4 mL of the receptor solution was withdrawn, and the receptor compartment was supplemented with the same amount of fresh PBS to maintain the total volume. The amount of permeated FITC-BSA was measured using a spectrofluorophotometer (F-7000; Hitachi, Japan) at the excitation wavelength of 496 nm and the emission wavelength of 520 nm, respectively, while permeated SOD was measured by ELISA kit (Shanghai Jing Ma Biological Technology Co., Ltd) according to the manufacturer's protocol. To evaluate the amount of protein in the skin, the protein was extracted from the skin as described previously.[@b1-ijn-11-5549] Finally, the amount of the extracted protein drugs was analyzed by spectrofluorophotometry or ELISA.

To identify the skin permeation of TMC NPs, FITC-labeled TMC NPs were used. The skin permeation and extraction assays of FITC-TMC NPs were performed in a similar way as described earlier.

### Confocal studies

A confocal study was performed to directly observe the distribution of FITC-BSA or TMC NPs in the skin after each permeation assay. Briefly, 24 h after the drug was added to the skin in the permeation assay, the diffusion area of the skin was fixed with 4% formalin solution and embedded in optimal cutting temperature compound. After that, the embedded skin was frozen in liquid nitrogen and cut into 20 μm sections. The skin sections were visualized by a confocal laser scanning microscope (TCS-SP5; Leica, Germany). The green fluorescence of FITC was analyzed.

### Histological examinations

The histological examinations of the skin when treated by +2,000 V electret for different periods of time (4, 8 and 12 h) were performed as described later. Briefly, SD rats were anesthetized by an i.p. injection of urethane (20.0% aqueous solution, 5.0 mL/kg). Electret with the corona voltage of +2,000 V was placed on the abdomen surface of which the hair was removed 24 h before. The electret was removed 4, 8 and 12 h after its placement, and the treated skin was excised, fixed by 4% formalin, dehydrated, embedded in paraffin and cut into 8 μm sections. Finally, the sections were stained with hematoxylin and eosin (H&E). The images were observed under a conventional light microscope (Olympus IX71 inverted microscope).

### Anti-inflammatory assays in mice

The protective role of SOD TMC NPs combined with electret on the prevention of edema induced by xylene was demonstrated in BALB/c mice. Briefly, BALB/c mice were anesthetized by an i.p. injection of urethane (20.0%, 0.5 mL/100 g). Different drugs were applied on the right ear of the mice, whereas respective vehicle or solvent (used as internal control) was applied on the left ear of the mice. At the same time, electrets were placed on the same side of the ear. After 6 h, the treated ear was challenged with 20 μL of xylene. Half an hour later after the xylene challenge, xylene-induced edema was determined as described later. After the mice were sacrificed, the two ears were excised, cut along the auricle baseline and weighed. The edema degree of the ear was calculated by subtracting the weight of the left ear from that of the right ear. Indomethacin (90 μg per ear), a validated anti-inflammatory drug, was used as a positive control. The doses of SOD and SOD TMC NPs were 10 μg per ear.

After the ears were weighed, the inflamed tissues were collected, fixed by 4% formalin, dehydrated, embedded in paraffin and cut into 8 μm sections. Finally, the sections were stained with H&E.[@b38-ijn-11-5549]--[@b40-ijn-11-5549] The images were observed under a conventional light microscope (Olympus IX71 inverted microscope).

### Statistical analysis

Data in this study were analyzed by the statistic package SPSS 13.0 (SPSS Inc., Chicago, IL, USA). A direct comparison between two groups was conducted by Student's non-paired *t*-test. *P*-value of \<0.05 was considered statistically significant. \**P*\<0.05; \*\**P*\<0.01; ns represents not significant (*P*\>0.05).

Results
=======

Electret
--------

Electret could be corona charged at ±500, ±1,000 and ±2,000 V grid voltages, respectively. To evaluate the stability of electret, the surface potential of +2,000 V electret was measured before and after the permeation assays. As shown in [Figure 2](#f2-ijn-11-5549){ref-type="fig"}, compared with the surface potential before the permeation assays, the surface potential did not change significantly after the permeation assays (*P*\>0.05), indicating that no significant charge decay happened during the permeation assays.

Characterization of synthesized TMC
-----------------------------------

The typical peak of the *N*-trimethyl group (--N^+^ (CH~3~)~3~) in the TMC chain was observed at 3.3 ppm ([Figure 3](#f3-ijn-11-5549){ref-type="fig"}). According to the analysis of ^1^H NMR, our prepared TMC possessed a DQ of 46%.

Preparation and characterization of TMC NPs
-------------------------------------------

As revealed by the TEM images ([Figure 4](#f4-ijn-11-5549){ref-type="fig"}), TMC NPs were well dispersed with little aggregation. Most NPs were of spherical shape. As shown in [Table 1](#t1-ijn-11-5549){ref-type="table"}, the size of TMC NPs significantly increased, accompanied with the increase of pH value from 5 to 6. In contrast, with the decrease of the TMC concentration and increase of the TMC/TPP ratio, the size of TMC NPs gradually decreased. However, the zeta potential did not change significantly (26.4--28.9 mV), accompanied with the change of pH values, TMC concentrations and TMC/TPP ratios, suggesting that the above-mentioned parameters had weak effects on the zeta potential of TMC NPs. Taken together, the optimal FITC-BSA TMC NPs that had the appropriate size (150 nm) with a polydispersity index (PDI) of 0.104 were prepared at a pH value of 4.6 (acetate buffer) and a TMC/TPP ratio of 10:1, whereas the optimal SOD TMC NPs that had the appropriate size (138 nm) with a PDI of 0.117 were prepared at a pH value of 5.0 (acetate buffer) and a TMC/TPP ratio of 12:1. For the optimal FITC-BSA TMC NPs and SOD TMC NPs, the drug EE of FITC-BSA and SOD was 25% and 36%, respectively.

In vitro skin permeation study assays
-------------------------------------

As shown in [Figure 5A](#f5-ijn-11-5549){ref-type="fig"}, the skin permeation rate of FITC-BSA TMC NPs significantly increased compared with FITC-BSA at different time points (*P*\<0.01). Notably, +2,000 V electret further enhanced the skin permeation of FITC-BSA TMC NPs but not FITC-BSA at 12, 18 and 24 h (*P*\<0.05). At 24 h, the skin permeation rate of FITC-BSA TMC NPs combined with +2,000 V electret was 0.12-fold higher than that of FITC-BSA TMC NPs (*P*\<0.05). Similar results were obtained in SOD TMC NPs ([Figure 5B](#f5-ijn-11-5549){ref-type="fig"}). The skin permeation rate of SOD TMC NPs significantly increased compared with SOD at different time points (*P*\<0.01). The +2,000 V electret further enhanced the skin permeation of SOD TMC NPs but not SOD at 18 and 24 h (*P*\<0.05).

[Figure 6](#f6-ijn-11-5549){ref-type="fig"} shows the skin permeation at 24 h for different skin layers (SC, epidermis and dermis). As shown in [Figure 6A](#f6-ijn-11-5549){ref-type="fig"}, the skin permeation of FITC-BSA TMC NPs significantly increased by 1.65-fold compared with FITC-BSA in the SC (*P*\<0.01), and the skin permeation of FITC-BSA TMC NPs combined with +2,000 V electret was 0.33-fold higher than that of FITC-BSA TMC NPs (*P*\<0.05). Similarly, in the epidermis and dermis, the skin permeation of FITC-BSA TMC NPs significantly increased by 2.45-fold compared with FITC-BSA (*P*\<0.01), and the skin permeation of FITC-BSA TMC NPs combined with +2,000 V electret was 0.13-fold higher than that of FITC-BSA TMC NPs (*P*\<0.05).

Similar results were obtained in SOD TMC NPs ([Figure 6B](#f6-ijn-11-5549){ref-type="fig"}). In the SC, the skin permeation of SOD TMC NPs significantly increased by 0.92-fold compared with SOD (*P*\<0.01), and the skin permeation of SOD TMC NPs combined with +2,000 V electret was 0.37-fold higher than that of SOD TMC NPs (*P*\<0.05). In the epidermis and dermis, the skin permeation of SOD TMC NPs significantly increased by 4.58-fold compared with SOD (*P*\<0.01), and the skin permeation of SOD TMC NPs combined with +2,000 V electret was significantly higher than that of SOD TMC NPs (*P*\<0.05).

The effects of the surface voltage and the sign of the corona voltage of the electret on transdermal delivery of FITC-BSA in FITC-BSA TMC NPs are shown in [Figure 7](#f7-ijn-11-5549){ref-type="fig"}. In the groups receiving positive electret, both the +1,000 and +2,000 V electret groups showed better promoting effects on enhancing the transdermal delivery of FITC-BSA than the +500 V electret group (*P*\<0.05) at 12 and 24 h, whereas the difference of the promoting effects between the +1,000 and +2,000 V electret groups was not significant (*P*\>0.05). However, accompanied with increased surface voltage of negatively charged electret, the promoting effects of electret gradually decreased at 24 h. All negative electrets (−500, −1,000 and −2,000 V) showed weaker promoting effects than +2,000 V electret both at 12 and 24 h. Thus, +2,000 V electret was chosen as the optimal electret in promoting the transdermal delivery of FITC-BSA in FITC-BSA TMC NPs.

In the receptor compartment and different skin layers, quantitative analysis of the amount of TMC NPs was performed, where FITC-TMC NPs were detected in the receptor compartment, as shown in [Figure 8](#f8-ijn-11-5549){ref-type="fig"}. Driven by the electret, the skin permeation of FITC-TMC NPs was significantly higher than that of FITC-TMC NPs at 18 and 24 h (*P*\<0.05). In the SC, the amount of FITC-TMC was significantly higher than that of both FITC-TMC NPs and FITC-TMC NPs combined with electret. On the contrary, a lesser amount of FITC-TMC was detected in the epidermis and dermis compared to the other two groups. Additionally, a larger amount of FITC-TMC NPs was detected when combined with electrets, compared with FITC-TMC NPs in the epidermis and dermis (*P*\<0.05).

Confocal microscopic studies
----------------------------

To directly examine the penetration and distribution of the protein drugs and TMC NPs, the skin sections were obtained. As shown in [Figure 9A](#f9-ijn-11-5549){ref-type="fig"}, the green fluorescence intensity of the skin treated with FITC-BSA TMC NPs combined with +2,000 V electret was the strongest, whereas much lower green fluorescence intensity was seen in the skin treated with FITC-BSA, FITC-BSA combined with +2,000 V electret and FITC-BSA TMC NPs. Similar results were obtained in the penetration of FITC-TMC NPs ([Figure 9B](#f9-ijn-11-5549){ref-type="fig"}). FITC-TMC NPs combined with +2,000 V electrets showed the strongest intensity of green fluorescence. As expected, negligible green fluorescence was found in untreated skin. Using the NIH ImageJ software, a quantitative analysis of the green fluorescence also demonstrated that the green fluorescence intensity of the skin treated with FITC-BSA TMC NPs combined with +2,000 V electret was the strongest ([Table 2](#t2-ijn-11-5549){ref-type="table"}).

Histological examinations
-------------------------

The morphological change of the skin treated by +2,000 V electret was also investigated ([Figure 10](#f10-ijn-11-5549){ref-type="fig"}). As expected, untreated skin exhibited a normal structure, with orderly arranged squamous cells and intact SC. Surprisingly, after treatment with +2,000 V electret, the SC became slightly looser and thinner after 4 h. After 8 or 12 h, the SC became significantly looser and thinner, and some lacunas could be even found in the SC.

Anti-inflammatory assays in mice
--------------------------------

The increment of the weight of the ear in mice treated by xylene was used to measure the anti-inflammatory effects of different formulations ([Figure 11A](#f11-ijn-11-5549){ref-type="fig"}). After treatment with xylene, the mean ear weight of the control mice was increased from 24 to 52 mg. After topical application of SOD or SOD combined with electret, the ear edema degree was decreased from 28 to 25 mg, while this reduction was not significant (*P*\>0.05). Interestingly, the ear edema degree was decreased from 28 to 20 mg after treatment with SOD TMC NPs (*P*\<0.05). The ear edema degree was further reduced by SOD TMC NPs combined with +2,000 V electret, reaching a low value of 17 mg, which is significantly lower than SOD TMC NPs (*P*\<0.05). In contrast, +2,000 V electret did not enhance the anti-inflammation effect of SOD (*P*\>0.05). As expected, indomethacin exhibited excellent anti-inflammatory activity. These results are also demonstrated in [Figure 11B](#f11-ijn-11-5549){ref-type="fig"}. After treatment with SOD TMC NPs or SOD TMC NPs combined with electret, the inflammatory symptoms were greatly improved compared to the control group. Further, SOD TMC NPs combined with electret showed better anti-inflammatory effect than SOD TMC NPs. The positive drug indomethacin showed the best anti-inflammatory effect, as expected.

Discussion
==========

Transdermal delivery of protein drugs is very attractive. However, the permeability of skin to protein drugs is extremely low because of the formidable barrier function of the SC. Currently, a variety of NPs, physical methods and penetration enhancers have been used to enhance the transdermal delivery of protein drugs. Our previous studies showed that electret could effectively enhance the transdermal delivery of several drugs of low molecular weight, whereas protein drugs of high molecular weight have never been investigated. Although TMC has been studied extensively and has been reported to be efficient in promoting transdermal penetration, the application of TMC NPs as a transdermal delivery system for proteins has not been reported. In this study, we have developed TMC NPs as nanocarriers for protein drugs and investigated whether electret could enhance the transdermal delivery of protein drugs. The results showed that the skin permeation of TMC NPs loaded with protein drugs was significantly enhanced by electret. Furthermore, SOD-loaded TMC NPs combined with electret exhibited the best anti-inflammatory effect in mice treated with xylene. We speculated that the promoting effect of electret in enhancing transdermal delivery of TMC NPs is attributed to the change in the structure of the SC by treatment with electret.

Our TMC NPs combined with electrets is a non-toxic, stable, flexible and convenient system, which provides a novel platform for transdermal delivery of protein drugs. First, chitosan has many excellent properties, such as non-toxicity, biodegradability and bioadhesion.[@b26-ijn-11-5549] Furthermore, its promoting effect in enhancing transdermal delivery of drugs has also been well defined in several previous studies.[@b27-ijn-11-5549],[@b32-ijn-11-5549] TMC NPs loaded with protein drugs were prepared by a simple ionic crosslinking method. This method is mild and could retain the activity of protein drugs. Furthermore, unlike previous methods for preparing chitosan-based transdermal NPs,[@b1-ijn-11-5549],[@b2-ijn-11-5549] this method did not introduce any extra organic solvents, which may be harmful for human health. TMC NPs also exhibited superior stability, and their size did not change significantly at 4°C in 30 days. Second, electret is an excellent charge container. We demonstrated that, even after the transdermal experiment, all electrets could still hold 95% of their initial charge, suggesting that the PP electret used in this study had good charge storage stability. This good charge stability guarantees that the electrostatic field produced by the electret could persistently promote the transdermal delivery of protein drugs. Third, the application of PP electret is very flexible, and we only need to place the electret above the surface of the drugs for a period of time, after administration of the drugs.

Our studies showed that skin permeation of TMC NPs significantly increased compared with free protein drugs. It is very meaningful that TMC NPs can promote the transdermal delivery of protein drugs to a much greater extent in the epidermis and dermis than in the SC, indicating that TMC NPs could deeply penetrate into the skin. The superior accumulation of TMC NPs in the epidermis and dermis than in the SC would greatly contribute to local treatment of skin diseases. Strikingly, electret further enhanced the skin permeation of TMC NPs but not free protein drugs, and TMC NPs achieved the most effective transdermal delivery of protein drugs. We speculated that the mechanisms, by which TMC NPs combined with electret achieved the most effective transdermal delivery of protein drugs, are as follows. First, the powerful electrostatic repulsive force between TMC NPs and electret makes TMC NPs quickly penetrate through the skin. Second, TMC NPs may loosen the compact structure of keratin in the SC, widen the tight junctions in the skin and/or penetrate the skin through hair follicules. Third, electret can change the structure of the skin and make the skin thinner and looser, resulting in feasible transport of TMC NPs through the skin. Our histological examinations demonstrated that electret could affect the structure of SC and make the SC thinner and looser, resulting in decreased transdermal permeation resistance and enhanced transdermal drug delivery. In contrast, electret has minimal effects on free protein drugs, due to the large molecular weight of protein drugs[@b23-ijn-11-5549] and the lack of enough electrostatic repulsive forces.

To elucidate the mechanism of skin permeation of TMC NPs, the penetration and distribution of FITC-TMC NPs were also investigated. The results showed that FITC-TMC NPs were detected in the receptor compartment, and a larger amount of TMC NPs was detected in the epidermis and dermis layers than in the SC layers. Thus, we speculated that enhanced protein delivery by TMC NPs was due to the transport of the TMC NPs themselves. Similar results were obtained in the penetration of TMC NPs themselves (green fluorescence of FITC) and FITC-BSA ([Figure 9](#f9-ijn-11-5549){ref-type="fig"}), which was in good accordance with quantitative analysis discussed earlier.

Furthermore, the surface voltage and the sign of the corona voltage of the electret were optimized in our study. Our results showed that the skin permeation of protein drugs increased, accompanied with the increase of surface voltage of positively charged electret. In contrast, the skin permeation gradually decreased, accompanied with an increase of surface voltage of negatively charged electret. We speculated that higher positive surface voltage of electret could offer stronger electrostatic repulsive force to drive more NPs penetrate into deeper skin layers. In contrast, negative surface voltage of electret could offer electrostatic attractive force, which plays a negative role in promoting the transdermal delivery of protein drugs. Thus, +2,000 V electret was chosen as the optimal electret in promoting the transdermal delivery of TMC NPs.

Finally, we used SOD as a model drug to measure the anti-inflammatory effect of SOD TMC NPs. As expected, SOD TMC NPs combined with electret showed the most excellent anti-inflammatory activity, suggesting that TMC NPs combined with electret represent a novel platform for transdermal delivery of protein drugs.

Conclusion
==========

Collectively, the novel delivery system, TMC NPs combined with electret, has great potential in transdermal delivery of protein drugs. Our in vitro permeation studies and a confocal laser scanning microscopy demonstrated a decent transdermal delivery efficiency of protein drugs using TMC NPs in the presence of electrets. Notably, SOD-loaded TMC NPs combined with electret exhibited the best inhibitory effect on the edema of the mouse ear. Three proposed mechanisms may contribute to the superior transdermal delivery of TMC NPs combined with electret: the powerful electrostatic repulsive force between TMC NPs and electret; TMC NPs may loosen the compact structure of keratin in SC and widen the tight junctions in the skin; electret can change the structure of the skin and make the skin thinner and looser. In summary, TMC NPs combined with electret represent a novel platform for transdermal delivery of protein drugs.
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![The transdermal delivery system of TMC NPs combined with electret.\
**Abbreviations:** TMC, *N*-trimethyl chitosan; NPs, nanoparticles.](ijn-11-5549Fig1){#f1-ijn-11-5549}

![Normalized surface potential (*V*~s~/*V*~0~) of +2,000 V electret before and after in vitro experiments.\
**Notes:** Before: the normalized surface potential before in vitro experiments; After: the normalized surface potential after in vitro experiments. Data are expressed as mean ± SD (n=6).\
**Abbreviations:** SD, standard deviation; ns, not significant.](ijn-11-5549Fig2){#f2-ijn-11-5549}

![The ^1^H NMR spectra of synthesized TMC.\
**Note:** The typical peak of the *N*-trimethyl group (--N^+^ (CH~3~)~3~) in the TMC chain was observed at 5.86 ppm (indicated by a black arrow).\
**Abbreviations:** TMC, *N*-trimethyl chitosan; ^1^H NMR, ^1^Hydrogen nuclear magnetic resonance spectroscopy.](ijn-11-5549Fig3){#f3-ijn-11-5549}

![The (**A**) shows the TEM image of TMC NPs, and (**B**) shows the hydrodynamic size distribution of TMC NPs in aqueous solution.\
**Note:** Bar represents 200 nm.\
**Abbreviations:** TEM, transmission electron microscopy; TMC, *N*-trimethyl chitosan; NPs, nanoparticles.](ijn-11-5549Fig4){#f4-ijn-11-5549}

![In vitro skin permeation assays of (**A**) FITC-BSA and (**B**) SOD across the rat skin at different time points up to 24 h.\
**Notes:** The skin permeation amount expressed as cumulative amount (μg/cm^2^) of FITC-BSA or SOD in the skin was analyzed by spectrofluorophotometry or ELISA, respectively. "+ Et" means "combined with +2,000 V electret". Data are expressed as mean ± SD (n=6). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; SOD, superoxide dismutase; ELISA, enzyme-linked immunosorbent assay; Et, electret; SD, standard deviation; TMC, *N*-trimethyl chitosan; NPs, nanoparticles; h, hours.](ijn-11-5549Fig5){#f5-ijn-11-5549}

![The quantitative analysis of (**A**) FITC-BSA and (**B**) SOD in different layers of the skin (the SC or the epidermis and dermis) after 24 h in the in vitro skin permeation assays.\
**Notes:** The skin permeation amount expressed as cumulative amount (μg/cm^2^) of FITC-BSA or SOD in the skin was analyzed by spectrofluorophotometry or ELISA, respectively. "+ Et" means "combined with +2,000 V electret". Data are expressed as mean ± SD (n=6). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; SOD, superoxide dismutase; SC, stratum corneum; ELISA, enzyme-linked immunosorbent assay; Et, electret; SD, standard deviation; ED, epidermis; D, dermis; TMC, *N*-trimethyl chitosan; NPs, nanoparticles.](ijn-11-5549Fig6){#f6-ijn-11-5549}

![The effect of surface voltage and the sign of the corona voltage of electrets in the in vitro skin permeation assays of FITC-BSA TMC NPs at 12 or 24 h.\
**Notes:** The skin permeation amount expressed as cumulative amount (μg/cm^2^) of FITC-BSA in the skin was analyzed by spectrofluorophotometry. Data are expressed as mean ± SD (n=6). \**P*\<0.05.\
**Abbreviations:** FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; TMC, *N*-trimethyl chitosan; NPs, nanoparticles; SD, standard deviation.](ijn-11-5549Fig7){#f7-ijn-11-5549}

![Quantitative analysis of FITC-TMC NPs in the (**A**) receptor compartment (\**P*\<0.05; FITC-TMC NPs vs FITC-TMC NPs + Et) and (**B**) different layers of the skin (the SC or the epidermis and dermis) after 24 h in the in vitro skin permeation assays.\
**Notes:** "+ Et" means "combined with +2,000 V electret". Data are expressed as mean ± SD (n=6).\
**Abbreviations:** FITC, fluorescein isothiocyanate; TMC, *N*-trimethyl chitosan; NPs, nanoparticles; Et, electret; SC, stratum corneum; SD, standard deviation; ED, epidermis; D, dermis.](ijn-11-5549Fig8){#f8-ijn-11-5549}

![Confocal microscopic studies.\
**Notes:** The representative fluorescent images show the permeation and distribution of (**A**) FITC-BSA and (**B**) FITC-TMC NPs in the in vitro skin permeation assays at 24 h. Bars represent 500 μm.\
**Abbreviations:** FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; TMC, *N*-trimethyl chitosan; NPs, nanoparticles; Et, electret; SC, stratum corneum.](ijn-11-5549Fig9){#f9-ijn-11-5549}

![The histological examinations of the skin when treated by +2,000 V electret for different periods of time (untreated, 4, 8 and 12 h).\
**Notes:** The skin was stained by H&E staining. Bars represent 50 μm.\
**Abbreviations:** H&E, hematoxylin and eosin; h, hours.](ijn-11-5549Fig10){#f10-ijn-11-5549}

![Anti-inflammatory assays in mice.\
**Notes:** (**A**) The effect of different formulations on xylene-induced edema in the ear of BALB/c mice. Six hours after transdermal delivery of different drugs (indomethacin was used as a positive control), the edema in the ear of mice was induced by oxylene. Half an hour after oxylene administration, the edema degree of the ear in mice was calculated by subtracting the weight of the left ear from the weight of the right ear. Data are expressed as mean ± SD (n=6). (**B**) The H&E staining of the ear in mice in (**A**). Bars represent 50 μm. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** SD, standard deviation; H&E, hematoxylin and eosin; SOD, superoxide dismutase; TMC, *N*-trimethyl chitosan; NPs, nanoparticles.](ijn-11-5549Fig11){#f11-ijn-11-5549}

###### 

The influence of TMC concentration and the weight ratio of TMC/TPP on the mean particle size (nm) of TMC NPs at a range of pH values

  TMC/TPP (w/w)   pH =4.6   pH =5.0   pH =5.5                                           
  --------------- --------- --------- --------- ------- ------- ------- ------- ------- -------
  6:1             139±7     181±5     273±5     202±6   236±5   297±7   242±5   282±4   423±8
  10:1            108±4     140±5     207±6     159±4   172±6   224±6   216±6   236±6   360±7
  12:1            105±4     135±3     189±4     127±4   138±6   186±6   187±8   196±6   342±5
  15:1            104±3     127±4     180±5     126±5   133±3   176±5   172±5   190±5   336±6

**Note:** Data are expressed as mean ± SD (n=3).

**Abbreviations:** TMC, *N*-trimethyl chitosan; TPP, tripolyphosphate; NPs, nanoparticles; SD, standard deviation.

###### 

The quantitative analysis of the relative fluorescence intensity of the skin after in vitro skin penetration assays analyzed by using the NIH ImageJ software

  Relative intensity (au)             
  ------------------------- --------- ----------
  Only skin                 1.1±0.1   0.8±0.1
  Proteins                  3.1±0.1   --
  Proteins + Et             3.3±0.1   --
  TMC                       --        2.8±0.2
  TMC NPs                   4.8±0.2   7.3±0.2
  TMC NPs + Et              6.7±0.2   11.4±0.1

**Note:** The data represented the mean ± standard deviation with three independent experiment.

**Abbreviations:** FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; TMC, *N*-trimethyl chitosan; NPs, nanoparticles; Et, electret.
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